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Abstract: This paper describes how to take advantage of the replacement of an intensity
camera with a polarization camera in a standard differential interference contrast (DIC)
microscope. Using a polarization camera enables snapshot quantitative phase analysis so that
real-time imaging of living transparent tissues become possible. Using our method, we
quantify the phase measurement accuracy using a phantom consisting of glass beads
embedded in lacquer. In order to demonstrate these advantages, we image the pumping heart
and blood flow in a living medaka egg.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Differential interference contrast (DIC) microscopy [1] is a widely used method for observing
tissues or cells in vivo without the need for applying florescent dyes. DIC microscopy allows
analysis of detailed structures, high sensitivity in detecting phase information, and has a
strong capability for optical sectioning [2]. Many researchers have proposed methods for the
quantitative phase measurement of volumes using transmission DIC microscopy [3,4], and
surface profile measurement using reflection DIC microscopy [5—7]. Ishiwata et al. proposed
a retardation-modulated DIC (RM-DIC) microscope for quantitative measurement of planar
microstructure at a given focal depth [8,9], and to measure 3D phase volume by optical
sectioning [2]. However, these quantitative reconstruction methods [2-9] can require
significant computation for each phase image because of the need to acquire multiple images
for use with the phase shift technique.

We show below that it is possible to obtain a quantitative phase image from a single raw
frame, so that real-time video is possible for a DIC microscope using a polarization camera —
a camera for which a micropolarizer array has been attached to a detector array [10-12].
While Fabre et al. have previously shown how to make use of a photonic crystal polarization
camera [11] with a DIC microscope, they used scanning to collect multiple raw images in
order to obtain a single phase image [13]. Thus, they were unable to demonstrate video
imaging of dynamic phase objects. We demonstrate that it is possible to capture
measurements at the native frame rate of the polarization camera, and that through
deconvolution with the DIC system’s inverse MTF, we can convert the raw intensity data into
quantitative phase images.

In Section 2 below, we introduce how to calculate a quantitative phase image from one
image captured by a polarization camera. In Section 3, we evaluate the proposed method for
getting accurate phase measurement using a sample of glass beads inside a lacquer medium.
In order to demonstrate the advantages of our method, we also show a video-rate phase
measurement of rapid motion in a living medaka egg.
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2. Snapshot phase analysis method

We start with a simple one-dimensional model consisting of a pure phase object imaged by
the DIC microscope, generating an intensity distribution /(x) at the detector plane. The
microscope consists of a light source, illumination optics, the phase object, imaging optics,
and a detector array (Fig. 1).
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Fig. 1. Simple model of a transmission microscope.

According to Hopkins’ theory [14] and the partial coherence theory of a microscope [15],
the image intensity distribution /(x) on the detector array can be defined as

1(x) = [[Z R(/.. SDO(S)O" (f)) exp{=27i( [, = f[))x} df ., ()

where O(f,) is the Fourier transform of phase object o(x), and R(f;, f) is the complex-valued
transmission cross-coefficient (TCC) given by

R(f, L) =20+ f)p (E+ f)dS, 2

for Q(¢) the intensity distribution of the illuminating system, and p(&) the complex-valued
pupil function.

The DIC microscope utilizes lateral shearing interference between two orthogonally
polarized beams produced by two Nomarski prisms, in which the beams pass through slightly
different areas (shear distance A) of a specimen. The two beams are then brought back
together by a second pair of Nomarski prisms that cancel the shear. The resulting
interferogram observed at the image plane encodes the spatial gradient of the object phase
along the shear direction.

Figure 2 shows our proposed optical layout for the DIC microscope using a polarization
camera. The DIC microscope is set to generate /2 of retardation along the shear axis between
the two Nomarski prisms because the microstructure phase is emphasized best at this setting.
The polarization camera can detect four kinds of intensities with each polarizer azimuthal
angle (0°, 45°, 90°, and —45°) by one image. The intensities detected using the pixels oriented
at 0° and 90° of the micropolarizer array do not produce interference because these axes are
aligned to the shearing direction. Therefore we use only the two intensities detected using the
pixels oriented at 45° and —45° and ignore the 0° and 90° data.
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Fig. 2. The optical setup of the DIC microscope using a polarization camera.

The polarization elements are defined with the following Jones matrices:

H%U=Pgoymwﬂ“%ﬁ ﬂ’

0 2 0 V2

N(4,8)= exp{im(éA+1)/2}  exp(-inéA)2) | A3)
0 0

N,(4,8) = [ exp(—inéA/2)  exp (inA/ 2)].
0 0

where, P(45°) and MPA(6) are Jones matrices of the polarizer and the micro polarizer array
oriented at 6 = 0°, 45°, 90°, and —45°, and N(4, &) is Jones matrix of the Nomarski prism.
The TCC R(f,,f",) in the case of a polarization camera is rewritten using Eqs. (2) and (3) as

R(f, f) =120 Ap(E+ f)A ' (§+ f)dS, 4)
where

A= MPA(+45° IN, (46N, (4, E)P(457). ®)
According to Ishiwata’s theory [8,9], we will assume that the object phase can be
approximated as a small phase distribution atop a (potentially large) spatially-constant phase.

Therefore, phase object o(x) can be approximated by its Taylor expansion about the constant
phase value as

o(x) = Cexp{ig(x)} = C exp(ig ) {1 +ip(x) - p(x)* }. (6)

for transmission C and spatially-constant phase ¢o. The Fourier transform of phase object o(x)
can be expressed as

OLf) = Coxplig |3(1)+i0(£) = (1) @' (£,)]. )

where J(f,) is the Dirac delta function, and @(f,) is the Fourier transform of phase distribution
@(x). Here ® is the convolution operator. Assuming that the pupil is independent of any
polarization, the intensity distribution /(x,6) is rewritten by substituting Egs. (4) and (7) to Eq.
(1). Since the introduction of the polarization calculus has converted R(f,,f",) from a scalar to a



Research Article Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1276 I

Biomedical Optics EXPRESS -~

vector, we also need to convert the complex conjugate in Eq. (1) to an adjoint operator (i.e.
conjugate transpose), producing

1(045") =S MO 17 coste fu M (£ )®¢*(fx)eXp(—2”ifM)dfx}
2 1S f ) g (S ) P(S) @ (fr )
+2i[”_sin(z f, M (f )P (S, ) exp(=27if x)df, (b) (3)
+[7 cosR [, m, (f)P(f )P (= f,) exp(=47if X)df,. (©)

where

M(0)= [0 pEp (M (f) =[O pE+ [)p (§)dE, )
my(£) =120 p(E+ fop E+ f)dEm, (f) =10 p(E+ fIp (€= £,)déE.

Here M(0), M(f,), mo(f,), and m,f,) describe the illumination profiles in terms of the two
sheared beams illuminating the sample. We see that the intensity distribution /(x,0) has five
terms comprising three components (a), (b), and (c¢). The background component (a) consists
of M(0) plus an integral that evaluates to a constant — together these represent the DC part of
the illumination and object transmission — plus an integral that expresses the illumination
profile due to the pair of illumination beams sheared by separation 4. The second component
(b) is the primary item of interest — the object phase gradient given by taking the difference
between the two shifted versions of the object phase. The difference operation is due to the
Fourier transform of the sine function being a pair of Dirac delta functions of opposite sign.
Finally, the third component (c) is the transmitted intensity profile dependent on the squared
object phase.

If we approximate the object as having a weak phase variation, the convolved phase

D(f)®P (f,), the absolute value D(f,)P (f.)=|D(f.)

D( fx)di* (=f.) all become approximately zero. As a result, the intensity images (Eq. (8))

captured by the polarization camera depend only on the DC part of background M(0) and the
object phase gradient component (b). Thus, in the weak phase variation approximation Eq. (8)
becomes:

? and the squared object phase

I(x,+45%) = %[M(O) +21[7_sin( £, WM (/)@ (S, ) exp(-27if, x)df, |.  (10)
The object phase gradient (the differential phase distribution) can be obtained by

I(x,+45°) = 1(x,—45°) _ 2i
I(x,+45°)+I(x,—45°)  M(0)

= 2" MTF(f)@(f,)exp(=27if x)df,.

[Zsin(z f M (f)P(f,) exp(=27if x)df, (11

where

sin(z [, AM (f5)

MTF(fx) = M(0)

(12)
represents the Modulation Transfer Function (MTF) of the DIC microscope.

The phase distribution ¢(x) of the observed object can be obtained using the MTF(f,) of
the DIC microscope with
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o) = i S_{ 1 | S{I(x,+45:)—1(x,—452)H’ 13)
2i° | MTF(fy) | 1(x,+45°)+1(x,—45")

where 3¢ is the Fourier transform function and 37 is the inverse Fourier transform
function.

By using the polarization camera, the image phase distribution is measured using two
different pixel positions on the polarization camera by Eq. (13). The spatial resolution of the
measured phase is increased (worsened) by a factor of 2 in each of the two spatial directions.
Therefore, the polarization camera can experience aliasing error due to insufficient spatial
sampling. To overcome this problem, Tyo et al. proposed a Fourier-domain pixel
interpolation method [16]. This method can reconstruct a spatially band-limited polarization
image without instantaneous field of view (IFOV) error by filtering in the frequency domain.
We apply this method to the raw captured image in order to extract, /(x, 45°) and I(x, —45°)
prior to applying them in Eq. (13). In order to simplify the description of Tyo’s method, we
switch from the Jones to the Stokes-Mueller calculus, and expand from one-dimension (x) to
two-dimensions (x, y) while maintaining the same image model. At the DIC microscope
image plane the Stokes parameters are given by

So(xoy) :1(x9y900)+1(x9y9900) :](x9y9450)+1(x9yn_450)a (14)
Sl(xvy):I(x’y’oo)_l(x’yagoo)v (15)
Sz(xa)’)=1(x»y»450)_1(%y3_450)» (16)

where I(x, y, 6) is the image captured by the polarization camera for a pixel whose
micropolarizer is oriented at angle §. While we do not make use of the 0° and 90° pixel
orientations in the phase imaging analysis, we keep them in the discussion here in order to
keep the explanation of the filtering method as clear as possible.

In the frequency domain, (£, #) are Fourier spatial frequency axes corresponding to (x, y).
We write the Fourier transforms of Stokes parameters so(x, y), s1(x, ¥), and s2(x, ) as So(C, ),
S1(¢, 1), and S»(¢, ). Using the discrete-space Fourier transform (DSFT) of the image I(x, y,
6), we can separately filter the intensity component So({, 7), the {Si({, n) + Sx 7))}
component, and the {S|({, 7)—S»({, #7)} component such as in Fig. 3. The interpolated images
of so(x, ¥), s1(x, ¥) and s,(x, y) can be reconstructed by 4 arithmetic operations and an inverse
DSFT after using a low-pass or high-pass filter.

Fourier-domain image Interpolation images

Intensity image I(x,y,6) 8-S, < %o
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Fig. 3. The flowchart for the Fourier-domain pixel interpolation method of the polarization
camera image.

After the pixel interpolation calibration, Eq. (13) becomes

1 ~_ 1 s, (x,
PRI, )RR, § £ S ST an
2i MTF(f.) |S(x,»)
This Fourier-domain implementation for interpolating the polarization camera’s pixels
provides the ideal filtering method from the standpoint of sampling theory. As a result,
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polarization error caused by edges of object features (i.e. instantaneous field of view errors)
and aliasing errors are minimized.

3. Evaluation of quantitative analysis

A DIC microscope (Olympus 1X70) using a 4D Technology PolarCam (V model) polarization
camera is shown in Fig. 4. The light from a halogen lamp is transmitted through a 650 + 25
nm bandpass filter into the DIC unit. The polarization camera exhibits pixel extinction ratios
of ~30 across the visible spectral range, the pixel size is 7.5 % 7.5 um, the overall number of
pixels is 648 x 460, and the maximum camera frame rate is 135 Hz.

4 Illumination
system

o

Polarization camera

Fig. 4. The DIC microscope using a polarization camera.

In our analysis, we use MTF(f;) calculated by Eq. (12) using the illumination aperture,
wavelength, shear distance 4, NA and magnification of the objective lens, then we calculate
I/MTE(f,) using a Wiener filter. Figure 5 shows the inverse MTF for our system, showing
that the system suppresses low and medium spatial frequencies (f, < 0.4um™ and f, >
0.6um™", for the 20 x lens) while maintaining the spatial frequencies near 0.5 pm™".
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Fig. 5. The reciprocal MTF(f,) of our DIC microscope. The red curves are for our 30 X
objective lens (NA = 0.40), while the black curves are for our 20 x objective lens (NA = 0.40).
The solid curve is the MTF at maximum aperture, while the dashed curve is the MTF at half
aperture.

In order to test our approach quantitatively, we measure the phase profile of glass beads
(refractive index n; = 1.56) embedded in a lacquer medium (refractive index n, = 1.54) to
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determine how well the system can estimate quantitative phase using the proposed analysis.
The diameter d of the glass beads is 2 pm. Figure 6 shows the measurement results of the
differential phase on a region of our sample before the inverse Fourier transform (calculated
by Eq. (11), shown on the left side of the figure) and the quantitative phase after inverse
Fourier transform (calculated by Eq. (14), shown on the right side of the figure). The image
shown in the figure is sampled at 0.25 pum / pixel

We can see the well-known halo artifact indicated by negative phase values on both sides
of the glass beads. The theoretical curve is calculated from the difference of refractive index
(n; — ny = 0.02), the bead diameter (d = 2 um), and the wavelength (650 nm).

The halo artifact visible in Fig. 6(f) is caused by insufficient spatial coherence of the
illumination system. Nguyen et al. have shown that they were able to successfully remove the
artifact by using an external interferometric unit [17], but our system currently does not have
a similar hardware setup allowing for removal of the halo. We obtain an absolute maximum
phase difference of 0.05 rad between our measurement curve and theoretical curve at the
glass bead area without the halo artifact.
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Fig. 6. The measurement results of the glass beads (n, = 1.56) embedded in lacquer (n, = 1.54).
We use an NA = 0.4 objective lens, (a), (c) and (e) are the differential phase results, while (b),
(d), and (f) are the quantitative phase results. (c) and (d) are the enlarged images of red square
of (a) and (b), respectively. (e) and (f) are cross-sections taken at the center of the glass beads
(red dished lines of (c) and (d)). The black line of (f) is the calculated theoretical value.

4. Video-rate quantitative analysis result

In biology, zebrafish and medaka are often used for investigating the tissue formation process
and for the observation of abnormal and healthy cells. Therefore, in order to demonstrate
video-rate quantitative phase measurement, we measure a living medaka egg (5~6 days after
spawning) (see Fig. 7). Figure 8 shows a 20 Hz video measurement of a medaka heart’s
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pumping and blood flow [18]. In this measurement, the spatial sampling is 0.25 pm/pixel. The
conventional method of quantitative phase measurement (not video-rate measurement) cannot
take detailed phase images because of the fast motion, while our method (video-rate
measurement) using the polarization camera can obtain clear phase images of the working
valve between the atrium and the ventricle, and movement of red blood cells even during the
heart’s pumping action.

/e

Fig. 8. Two frames from a quantitative phase video of the pumping of a medaka heart,
captured at a 20 Hz frame rate [18]. (Visualization 1).

5. Conclusion

Adding a polarization camera to a DIC microscope allows video-rate quantitative phase
measurement of transparent samples. We can extract the differential phase component from
the DIC images captured by the polarization camera, and reconstruct the quantitative phase
distribution from the differential phase by our proposed analysis. Our method can measure the
depth-integrated phase to an accuracy of better than 0.05 rad. Conventional quantitative phase
microscopy without using a polarization camera cannot measure dynamic phase objects or
object that move quickly during measurement. Our method, however, can achieve accurate
measurement of these dynamic objects despite their movement. As a result, we can observe
the structures of the living tissue without staining.
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